ABSTRACT: In proton therapy, it is important to very accurately determine the range of the proton beam. Recently it was found that this range can be determined from the distribution of the prompt gammas generated along the beam's passage. The Compton imaging technique can be considered to be a promising candidate for accurate determination of prompt gamma distributions, in that it produces a better image for higher-energy gammas when compared with conventional mechanicalcollimation-type imagers. In the present study, the Compton imaging technique was evaluated by experimentally obtaining Compton images of relatively high-energy gamma sources positioned in an anthropomorphic phantom. Preparatory to that, two point-like gamma sources, 137 Cs (662 keV) and 22 Na (1275 keV), were placed in the brain region of the phantom at different depths and imaged using a double-scattering Compton camera. The Compton camera, recently developed as a prototype system, consists of two position-sensitive semiconductor detectors as scatterer detectors and a scintillation detector as an absorber detector. The evaluated imaging and angular resolutions for the source energies of 662 and 1275 keV were 13.7 mm and 5.9˚FWHM and 11.4 mm and 3.8˚FWHM, respectively.
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Introduction
The Compton imaging technique could prove its potential in many applications, particularly where (1) there is a too-limited space in which to build a tomographic imaging system with a rotation or ring-type structure for imaging the three-dimensional distribution of radioactive material in an object; (2) the source to be imaged emits high-energy gamma rays (>511 keV) that can cause significant degradation in image quality if a mechanically collimated imaging system is used; (3) a very large field-of-view is required, for example, to monitor an environment or an industrial process. One of the most promising applications of the Compton imaging technique is in the field of proton therapy; here, a Compton camera can be used to image the three-dimensional distribution of prompt gammas generated along the passage of a proton beam [1, 2] . Then, on the basis of the correlation between the prompt gamma distribution and the dose distribution, the three-dimensional dose distribution can be determined by measuring the prompt gammas [3] . Because prompt gammas have relatively high energies (i.e., a few MeV), a Compton camera is better suited to measuring them than a mechanically collimated imaging system. In the present study, a double-scattering-type Compton camera's performance in a proton therapy application was evaluated for relatively highenergy gamma sources inside an anthropomorphic phantom. Specifically, two point-like gamma sources, 137 Cs (662 keV) and 22 Na (1275 keV), were placed in the head part of the phantom and subsequently imaged using the Compton camera.
2 Experimental setup with double-scattering Compton camera
Double-scattering Compton camera
Position-sensitive semiconductor detectors have played an important role in many applications including high-energy physics, astrophysics, and medical physics. Among them, the double-sided silicon strip detector (DSSD) offers many advantages when employed as the scatterer detector of a Compton camera, including high scattering probability, low Doppler broadening, high energy resolution, and high radiation hardness. A proof-of-principle prototype version of the doublescattering Compton camera has been built, with two identical DSSDs as the scatterer detectors and an NaI(Tl) scintillation detector as the absorber detector ( figure 1) . The DSSDs (model: W1(DS), Micron Semiconductor, UK) have dimensions of 5 cm × 5 cm × 0.15 cm, with 16 orthogonal strips on each side; hence, they provide information on the interaction position of the gamma ray inside the detector within an uncertainty of 3 mm × 3 mm × 1.5 mm. The DSSDs were positioned inside a light-tight aluminum box to prevent exterior noise pickup. The intention of developing a double-scattering-type Compton camera was to maximize imaging resolution by determining the trajectory of scattered gamma rays as accurately as possible using two high-spatial-resolution scatterer detectors. The use of the absorber detector (3 in. (D) × 3 in. (H) cylindrical NaI(Tl) detector; model: 905-4, ORTEC, USA) in this type of Compton camera is only to put the constraint of the sum-energy gate to reject random coincidence events for which the sum of the deposited energies in the component detectors should match the source energy. NIM and CAMAC modules with triplecoincidence detection logic have been used to process and digitize multi-channel detector signals. More detailed information on the double-scattering Compton camera can be found elsewhere [4, 5] .
Experimental setup
The anthropomorphic phantom (model: 701-C, CIRS Inc., USA) used in the present study represents an adult male of 173 cm and 73 kg, and is composed of 39 slices of 2.5 cm-thick tissueequivalent materials. In the present study, only the head part (=9 slices) of the phantom shown in figure 2 was used. Two point-like gamma sources (diameter: 1 mm) were positioned at different depths in the brain region of the phantom. The source distance from the camera was ∼12 cm and ∼17cm for 137 Cs (337 kBq) and 22 Na (213 kBq), respectively. The distance between the scatterer detectors was 10 cm. The component detectors of the Compton camera, prior to data acquisition, were time-aligned with a precision pulse generator using triple-coincidence detection logic. The list-mode maximum-likelihood expectation-maximization (MLEM) algorithm [6, 7] was used to reconstruct the Compton image and the details on the algorithm used in the present study can be found in [8] . Figure 3 shows the energy spectrum measured with triple-coincidence detection logic for each component detector, along with the two-dimensional (2-D) energy spectrum with the energy gates for 137 Cs (662 keV) and 22 Na (1275 keV). The x-axis of the 2-D energy spectrum represents the deposited energy in the first scatterer detector, and the y-axis, the sum of the deposited energies in the second scatterer and absorber detectors. The 2-D energy gate was used to exclusively select the effective events as well as the simple sum-energy gate (662±66 keV for 137 Cs and 1275±127 keV for 22 Na) considering the energy resolutions of the component detectors. The number of effective events after applying the energy gates was 669 and 501 for the source energies of 662 and 1275 keV, respectively. The imaging sensitivity, defined as the number of effective events divided by the number of gamma-rays emitted from the source, was 1.62 × 10 −8 for the 662 keV source and 1.64 × 10 −8 for the 1275 keV source. Figure 4 shows the reconstructed Compton images and their projections. The imaging resolution for a point source determined from the Gaussian fitting to the projection was 13.7 mm and 11.4 mm FWHM for the source energies of 662 and 1275 keV, respectively. As shown in the figure, the gamma sources positioned in the anthropomorphic phantom were clearly visible in the reconstructed Compton images. This confirms that the Compton imaging technique can be used in proton therapy to image prompt gammas.
Experimental Compton imaging
In evaluating the imaging performance of a Compton camera, the angular resolution measure (ARM) [9] , relating only to the energy and spatial resolution of the component detectors, often is used to exclude the dependence of the reconstruction algorithm. The ARM is defined as the difference between the Compton scattering angles determined from the equation for Compton scattering and the interaction positions with a known source location. To appropriately fit the non-Gaussian distribution of the ARM, the Voigt function, a convolution of the Gaussian and Lorentzian distributions, was used [10, 11] . The angular resolution determined from the ARM distribution was 5.9å nd 3.8˚FWHM for the source energies of 662 and 1275 keV, respectively.
